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The present investigation is aimed at characterizing the development of ON and OFF visually 
evoked responses in the rat superior colliculus from postnatal day 13 (P13) to postnatal day 25. 
Depth profiles of field potentials reveal that ON and OFF long latency biphasic field potentials are 
already present when collicular cells are first responsive to light (P13). There is an inversion in the 
polarity of these reponses as the electrode penetrates the collicular layers, suggesting a synaptic 
organization si~allar to the one found in adult animals. At P15, OFF field potentials begin to exhibit 
oscillatory activity. Local cobalt injections within the superior colliculus abolishes these OFF 
oscillations, suggesting a postsynaptic origin. Fast Fourier transform (FFT) analysis of the OFF 
field potentials demonstrates that oscillatory activity increases in frequency during development. 
This increase is thought to reflect the myelination and stabilization of synaptic connections that 
occur during this period. To our knowledge, this is the first report of OFF oscillatory responses in 
the superior collliculns. © 1997 Elsevier Science Ltd 
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INTRODUCTION 
Several developmental processes contributing to the 
early formation of the retino-collicular pathway have 
been documented in the neonatal rat. Collicular neuro- 
genesis takes place between El2 and El8 (Altman & 
Bayer, 1981). Axons in the optic nerve reach the superior 
colliculus on El6 (Lurid & Bunt, 1976). Natural cell 
death occurs during the first two postnatal weeks, 
resulting in the elimination of approximately 50% of 
retinal ganglion cells (Dreher, Potts, & Bennett, 1983; 
O'Leary, Fawcett, & Cowan, 1986; Perry, Henderson, &
Linden, 1983). During ~he same period, synaptogenesis in 
the collicular superficial layers begins (Warton & 
McCart, 1989). While all of these processes contribute 
to the structural maturation of the retino-collicular 
system, there is a concomitant functional development 
occurring; our earliest studies described the first appear- 
ance of spontaneous discharges in the colliculus at P5 
with their subsequent increase and decrease (Itaya, 
Fortin, & Molotchnikoff, 1995), the first responses to 
optic nerve stimulatio~t a  P10 (Molotchnikoff & Itaya, 
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1993), and the earliest responses to light at P13 (Itaya & 
Molotchnikoff, 1990). These initial responses and level 
of activity have many characteristics of immaturity: long 
and variable latencies, simple waveforms, and initial 
inconsistencies (Molotchnikoff & Itaya, 1993) 
In contrast, in the adult animal the electrophysiology of 
the retino-collicular pathway is more complex. For 
example, when light is turned ON or OFF, two distinct 
neural systems are activated. These two channels are 
segregated in the retina at the bipolar cell level. In the 
vertebrate r tina, all photoreceptors hyperpolarize when 
stimulated by light. Whereas the ON-bipolar cells 
depolarize to light increase, the OFF-bipolar cells 
hyperpolarize in response to this type of stimulation. 
The ON and OFF systems remain segregated at the 
ganglion cell level except for a small population of 
ganglion cells which receives convergent input directly 
from the ON and OFF bipolar cells. In the primate and in 
the cat, these ON-OFF ganglion cells project extensively 
to the superior colliculus (Berson, 1988; Schiller & 
Malpeli, 1977). Single unit studies have shown that 
superior colliculus cells respond either to ON, OFF, or 
ON/OFF stimulation (Fukuda & Iwama, 1978). In 
addition, a recent study demonstrates that disruption of 
the metabotropic glutamate r ceptor subtype 6 (mGluR6) 
gene abolishes ON responses, while OFF responses 
remain unaffected (Masu et al., 1995). 
Our current study sought to determine the development 
of adult characteristics of the collicular esponses as a 
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logical continuation of our earlier experiments. Further- 
more, most of the previous investigations into ON and 
OFF collicular systems have been conducted on adult 
animals; only a few developmental analyses are available 
on the maturation of these two types of responses. It is the 
aim of the present study to investigate ON and OFF field 
potentials in the developing rat superior colliculus from 
postnatal day 12 to 23 (P12-P23), and in adult animals. 
Changes are expected in this period because the first light 
evoked responses appear at P13 (Itaya & Molotchnikoff, 
1990) and eyelids open around P14. 
MATERIALS AND METHODS 
Animal preparation 
35 Long Evans rat pups aged from P12 to P25 and 11 
adults were used in this study. We refer to the first 24 hr 
after birth as postnatal day 0 (P0). Rat pups were 
anesthetized with urethane 25% w/v (0.01 ml/g) injected 
intraperitoneally. Lidocaine hydrochloride 2% (xylo- 
caine) was applied topically at surgical sites. Craniotomy 
and durotomy were performed with a small scalpel blade 
except for animals over P17 for whom a small chill was 
necessary during the craniotomy. Atropine sulfate 1% 
(Isopto ®) and phenylephrine hydrochlofide (Mydfrin ®) 
were applied in the left eye at least half an hour before the 
first recording. Corneal desiccation was prevented by 
application of a methylcellulose solution (2%). The 
cartilaginous skull was secured in a custom made head- 
holder in order to eliminate head movement. Body 
temperature was maintained by heating pad. Throughout 
each experiment, he animal's heartbeat was continu- 
ously monitored to check on the effects of the anesthetic. 
All experiments were conducted on pups with a heartbeat 
over 300 beats per minute (Fitzgerald, 1985). 
Recordings and stimulations 
Experiments were divided into two studies. In the first 
study, glass microelectrodes (1-5 Mf~) filled with 0.9% 
NaC1 and 4% Chicago sky blue were used to record local 
field potentials. In the second study, 10 mM COC12 was 
added into the microelectrode and injected at selected 
sites with a pressure pump in order to determine the 
origin of the recorded responses. In all experiments, ON 
and OFF evoked field potentials were recorded in the 
contralateral superior colliculus every 50 or 100 #m. 
Responses were amplified and filtered (Grass 5P11, band 
pass 3-100Hz for field potential and 0.3-3 kHz for 
multiunit potentials) and fed into an oscilloscope and a 
computer. At selected sites in each penetration, ionto- 
phoretic injections of Chicago sky blue (30 mA current 
for 10 sec) were made in order to determine the position 
of the recording tip in the superior colliculus. 
Diffuse light flashes were applied to stimulate 
collicular cells. The stimulation was provided by a slide 
projector (bulb HE CBA 500w) whose light beam was 
collimated through electronic shutters and projected onto 
a translucent screen facing the eye at a distance of 28 cm. 
In most cases the total dimension of the light square was 
10 x 10 cm (~20 deg x 20 deg). The luminous intensity 
of the background was 0.6 cd/m 2 and the brightness of 
the light square was 4.82cd/m 2. Prior to P14, the 
contralateral eyelids were surgically opened. 
At the end of experiments, animals received an 
overdose of anesthetic and were perfused with two 
successive solutions of phosphate buffer 0.01 M (mono- 
basic and dibasic sodium phosphate) and fixative 
(paraformaldehyde 4%, glutaraldehyde 0.2% and picric 
acid 0.03% in 0.1 M phosphate buffer solution). Brains 
were preserved in fixative solution for a few days and 
then cut with a vibratome into 50 or 100 #m serial 
sections. 
RESULTS 
Depth profile analysis 
The following analysis is based on 70 depth profiles 
from P13 to P25 pups and on 23 depth profiles from adult 
animals. These age limits were selected because 
numerous penetrations with different electrode types 
made previously showed no response to light in the 
superior colliculus before P13 (Molotchnikoff & Itaya, 
1993). 
From P13 to P17, the depth profiles of field potentials 
exhibited typical patterns. Figure 1 shows a representa- 
tive example of responses. At P13, a 450 msec flash 
evokes a long latency biphasic wave; this long latency 
(>200 msec) is a sign of immaturity. The wave shape of 
the ON and OFF responses are smooth with no super- 
imposed fast wavelets. At this early age, a clear inversion 
of polarity for the ON field potentials is observed as the 
recording electrode is displaced along the dorso-ventral 
axis. This inversion indicates that the distribution of 
retino-collicular synaptic connections is already orga- 
nized in a defined order, which leads to the formation of 
current sources and sinks. This organization is similar to 
the one found in the adult animal (Fukuda, Suzuki, & 
Iwama, 1978). At P15 and older, the OFF responses 
become more complex and exhibit oscillatory potentials. 
As the animal grows further, these oscillatory potentials 
can be easily observed (Fig. 1, P17). The magnitudes of 
ON and OFF responses are unequal but this difference is 
not distinctive for one particular age. Rather, it seems to 
depend on the position of the electrode tip in the 
colliculus. However, the presence of oscillatory poten- 
tials is characteristic ofOFF responses. These oscillations 
are not ON afterdischarges because they are only seen 
when light is turned OFF, regardless of the duration of the 
light ON period. Indeed, ON stimulation length has been 
extended up to 4 sec in some experiments and oscillations 
appear only following the OFF step of the flash. 
The laminar origin of the oscillatory potentials was 
determined with double iontophoretic injections of 
Chicago sky blue in many collicular penetrations. Since 
it is difficult to distinguish collicular laminae in young 
animals (Warton & Jones, 1985), these experiments were 
conducted on adult rats. Figure 2(A) shows a typical 
example of an ON and OFF field potential depth profile in 
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FIGURE 1. Depth profile of ON and OFF visually evoked field potentials from P13 to P17. Examples of evoked field potentials 
in the superior colliculus at different ages. At P13, long latency ON and OFF responses occur. At this age, an inversion of 
polarity in the ON field potentials with depth can be observed, while at PI4 there is an inversion of the OFF field potentials. This 
indicates a dipole with a sink and a source suggestive of a precise synaptic distribution. Note that OFF responses exhibit 
oscillatory potentials for P15 and older animals. Recordings are 100 #m apart; for each depth, two independent recordings were 
made (shown at P13 only); each trace is a summation of over 60 stimulations; P stands for postnatal. Calibrations: vertical bar: 
250 #V for P13, 500 #V for P14-P15, 1000 #V for P16-P17; horizontal: 1024 msec. 
an adult animal. Osci l latory potentials are restricted to a 
zone which is in the ventral stratum griseum superficiale 
and dorsal to the stratum opticum superficiale (traces 2 
and 3). Figure 2(B) is a dark field photomicrograph 
showing the recording posit ions of  the traces in Fig. 2(A). 
It is in the stratum griseum superficiale that the evoked 
field potentials exhibit the highest magnitude (trace 3). 
The same result was observed in two other adult rats. 
Likewise, similar ventral bias was also noticed in young 
animals. 
Although the osci l latory potentials were recorded in 
the stratum griseum superficiale of  the superior coll icu- 
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FIGURE 2. Typical depth profile of ON and OFF visually evoked field potentials in adults. (A) Example of evoked field 
potentials in an adult animal. Numbers on left correspond to the positions in (B). (B). Dark field photomicrograph s owing 
positions of the electrode tip in the contralateral superior colliculus. Note that maximum amplitude oscillatory responses (traces 
2 and 3) appear in the ventral part of stratum griseum superficiale, just above the stratum opticum. In this particular example, 
two Chicago sky blue microiontophoretic injections are seen (traces 4 and 11). Recordings are 200 #m apart except race 3 
which is 100 #m apart from traces 2 and 4 (site 3 not shown on photograph); for each depth, two independent recording were 
made (summation of over 50 stimulations). Shrinkage =~ 15%. Calibrations in (A): vertical bar: 500/tV; horizontal: 1024 msec. 
Calibration in (B): horizontal bar: 0.5 mm. 
lus, it does not necessarily mean that their origin is local. 
These potentials could be generated in an extra-collicular 
structure and conveyed to the superior colliculus by 
afferent axons. To determine the origin of these 
oscillatory potentials, a synaptic transmission blocker 
was applied at the site of maximum amplitude oscillatory 
potentials. The blocker used was cobalt (Co2+). Cobalt 
ions block calcium channels and therefore prevent 
synaptic transmission (Hagiwara & Byerly, 1981; Kretz, 
1984). In these experiments, ON and OFF field potentials 
were recorded as described above (Fig. 3, trace 1). In 
addition and with the same microelectrode, multiunit 
activity was also recorded (Fig. 3, trace 2). The alignment 
of field potentials with spike histograms reveals that 
action potential discharges coincide with the negative 
edge of the oscillatory potentials (Fig. 3). This observa- 
tion suggests an excitatory oscillatory input or a recurrent 
feedback loop. Local pressure injection of 5 nl of cobalt 
chloride (CoC12 10raM) abolishes postsynaptic field 
potentials (Fig. 3, trace 3) and multiunit activity (Fig. 3, 
trace 4). Hence, the remaining activity is mostly of 
presynaptic origin. Some of this activity may also be 
attributed to discharges generated remotely from the tip 
of the pipette and outside the spread range of the cobalt. 
Fast Fourier transform analysis 
Field potentials were investigated with fast Fourier 
transform (FFT) analysis to reveal the frequency 
spectrum of ON and OFF evoked components. At all 
depth levels, ON and OFF response components were 
computed separately. Examples of the FFT analysis for 
ON and OFF components at two different depths are 
shown in Fig. 4. The elicited field potentials are displayed 
on the right as the electrode explored the superior 
colliculus in the dorso-ventral axis in a 23-day-old 
animal. Again, the OFF stimulus evoked fast oscillations 
which appeared to be lacking when the light was turned 
ON. The FFT analysis indicates that these responses are 
made up of two major distributions of frequencies. Both 
ON and OFF responses contain slow components, up to 
10 Hz. Quite interestingly only the OFF responses exhibit 
additional fast components, which display highest power 
at 30-40 Hz. Furthermore, as one would expect, these 
ON and OFF field potentials 
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FIGURE 3. Cobalt injection abolishes postsynaptic responses. Field potentials have been recorded before (trace 1) and after 
(trace 3) 5 nl injection of 10 mM CoC12 in a P17 animal. Simultaneous multiunit activity before (trace 2) and after (trace 4) 
injection has also been recorded. Cobalt injection causes atransient abolition of postsynaptic responses and fails to modify the 
presynaptic activity (traces 3 and 4, arrows). Cont. and inj. stand for control and injection. Calibrations: vertical scale: 500 #V 
(traces 1 and 3) and seven action potentials (traces 2 and 4). 
fast components emerge at a particular level within the 
colliculus. 
The evolution of the emerging frequencies in evoked 
field potentials between postnatal days 13 and 17, that is, 
around eyelid opening, is shown in Fig. 5. For each depth 
profile, ON and OFF field potentials with maximum 
amplitude were selected and analyzed separately with the 
FFT method. Resulting frequency spectra were then 
normalized (under curve area = 1) and averaged for each 
age. This figure thus shows the normalized istribution of 
average power spectra for ON and OFF responses at each 
tested age. These histograms reveal that two components 
of field potentials are present. The slow component is 
present at every age in the ON and OFF waves (low 
frequencies: 0-10 Hz). The fast component corresponds 
to high frequency potentials (>20 Hz) and is only present 
in the OFF part of the re:~ponse, in P15 and older animals. 
As the animal develops, the high frequency peak of the 
OFF response becomes more predominant (Fig. 5: P16- 
P17 OFF). It is also present in the adult at higher 
frequency around 35-40 Hz. 
DISCUSSION 
Early ON and OFF field potentials 
As the young rat grows older, several important 
developmental events contribute to the early formation 
of the retino-collicular pathway. The time at which the 
retino-collicular pathway becomes fully functional is yet 
unknown, but critical observations of physiological 
events have been made in the rat. The earliest immature 
electroretinogram (ERG) is recorded at P12 (Weidman & 
Kuwabara, 1968). At this age, some ERG components are 
not yet present, and it is not until P14 that they become 
visible (Weidman & Kuwabara, 1969). In the present 
study, ON and OFF field potentials were recorded in 
young rats from P13 and older. First responses are 
observed only at P13. These responses are immature 
because of their simple biphasic form and their long and 
variable latencies. These types of responses have also 
been demonstrated in kittens (Norman & Wilson, 1973; 
Rose & Lindsley, 1968). Despite the immaturity of the 
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FIGURE 4. Example of Fast Fourier Transform (FFT) analysis. Field potentials were analyzed with the FFT method. An 
example of this analysis at two different depths in a P23 animal is shown. The ON and OFF components were analyzed 
separately. A peak around 30 Hz emerged inthe frequency spectrum for the OFF responses in the dorsal position only. The 
magnitude ofthis peak (in watts) represents the contribution fthe corresponding frequency tooriginal field potentials. The 
higher the peak, the higher is the contribution f this frequency. Calibrations~FFT analysis: vertical axis: watts; horizontal: 
60 Hz. Calibrations--field potentials: vertical bar: 500/zV; horizontal: 1024 msec. 
responses, an inversion of polarity in field potentials with 
depth is observed (Fig. 1). This inversion reflects the fact 
that synaptic connections between afferent fibers and 
collicular cells are no longer diffuse at this age. Rather, 
they are distributed in a way to produce sinks and sources 
similar to those seen in adult animals. 
Origin of oscillatory field potentials 
From P15, OFF field potentials exhibited oscillatory 
patterns. In the last three decades, the so called "ON" 
oscillatory discharges have been extensively studied. 
These oscillations have received many appellations: 
afterdischarge potentials, secondary complex, etc. and 
have been described in visual structures like superior 
colliculus (Sumitomo & Klingberg, 1972b; Uramoto, 
1975), thalamus (Standage, Fleming, & Bigler, 1981; 
Sumitomo & Klingberg, 1972a) and visual cortex 
(Steriade, 1968; Bignall & Rutledge, 1964). In all of 
these studies, the stimulating flashes were of short 
duration. That is, the ON step and the OFF step follow 
each other at a very short interval. Owing to the shortness 
of the flash (-~ 10 #sec), ON and OFF responses were 
superimposed. Hence, in the strict sense, the "ON" 
response is misleading since the ON and OFF waves 
cannot be segregated because of the brevity of the flash. 
This may explain why clear OFF responses like the ones 
shown in the present study were never reported. With a 
longer ON stimulation period, ON and OFF responses 
can be easily dissociated. In most cases, OFF field 
potentials exhibit oscillatory responses. Similar OFF 
oscillatory potentials have also been recently demon- 
strated in the optic tectum of toad (Schwippert, Beneke, 
ON and OFF field potentials 3085 
20 ' 
15. 
10'  
5 '  
0 .  
0 25.39 50.781 
2O 
15 
10 
5 
0 
0 25.39 50781 
25 
20 
15 
10 
5 
0 
20 ~ = A~- -  
5 
0 
0 2539 50.781 0 25.39 50.781 
20 
15 
10 
5 
0 
25 
20 
15 
10 
5 
0 
0 25.39 50.781 0 25.39 50.781 
20 
15 
13 
5 
0 
~5 T 
I0 
P16 OFF 
0 
0 25.39 50.781 0 2539 50.781 
2o TL  ..loP1 7 ON 2o 
15 t l  I 15 
10 L 10 
5 5 
0 0 
0 25.39 50.781 0 2539 50 781 
25 T Adult ON 20 
t N=I  
15 
HI 
~,3 
5 
~ 0 
0 2538 50781 
0 25.39 50.781 
Hz Hz 
FIGURE 5. Summary of FFT analysis from P13 to P17. These histograms represent ON and OFF frequency spectra fter 
normalization and averaging for each age group. Two components of field potentials can be detected. The slow component (low 
frequencies 0-10 Hz) is present at all ages for ON and OFF responses, while the fast component (high frequencies >20 Hz) is 
specific to OFF responses of P15 and older animals. As the animal develops, the high frequency peak becomes more 
predominant. I  is also present in the adult animal at a frequency around 35-40 Hz. X-axis bin width: 1.953 Hz; Y-axis represents 
percentages. Numbers (N =) are the number of depth profiles analyzed in each histogram. 
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& Ewert, 1996) and in the superior colliculus of mouse 
(Masu et al., 1995). 
For many years, attempts were made to determine the 
origin of the oscillatory field potentials. Some suggested 
a retinal (Bignall & Rutledge, 1964; Doty & Kimura, 
1963; Uramoto, 1975) or a thalamic origin (Sumitomo &
Klingberg, 1972a), while others proposed that they might 
originate from the structure itself (Steriade, 1968). 
However, no agreement seems to exist. In the present 
study, the dorso-ventral penetrations revealed that 
oscillations are recorded in the ventral part of the stratum 
griseum superficiale. Nevertheless, this does not mean 
that they are initially generated in this sub-layer of the 
superior colliculus, nor does it mean that they are 
generated in the colliculus at all. 
Earlier studies have determined that the major 
contribution of field potential responses comes from 
slow postsynaptic events, especially from excitatory 
postsynaptic potentials (EPSP) and inhibitory postsynap- 
tic potentials (IPSP). EPSPs cause a decrease while IPSPs 
cause an increase of extracellular positive charges (for 
review see Leung, 1990). Most of the observed field 
potentials are therefore local events generated within the 
superior colliculus. On the other hand, action potentials 
recorded in the superior colliculus may have a dual 
origin. First, they can be recorded from postsynaptic 
neurons. In this case, they are locally generated and their 
origin is intra-collicular. Second, they can be recorded 
from presynaptic fibers. In that case, the axons can 
originate from an extra-collicular structure. The most 
likely site is the retina since oscillatory activity has been 
described in the optic nerve and in the retina of many 
species (Doty & Kimura, 1963; Robson & Troy, 1987; 
Neuenschwander & Singer, 1996). 
The present results demonstrate that microinjections of
cobalt chloride cause a decrease of both postsynaptic 
field potentials and multiunit activity (Fig. 3). The 
remaining short latency activity has a presynaptic origin 
and probably represents retinal input. Since blockade of 
synaptic transmission abolishes oscillatory activity, it can 
be concluded that it has a postsynaptic origin and is not 
generated in the retina or any other extra-collicular 
structure. Furthermore we have shown that the negative 
peaks of OFF oscillatory potentials coincide with the 
occurrence of multiunit action potentials (Fig. 3). 
Oscillations are therefore generated by successive bursts 
of action potentials. It seems then that the source of OFF 
oscillations is within the network of the superior 
colliculus. 
Frequency changes in oscillatory potentials during 
development 
FFT analysis of ON and OFF field potentials indicates 
that oscillatory potentials appear around eyelid opening 
(P14) and increase in frequency during development, up 
to 40 Hz in the adult animal. This increase suggests faster 
neuronal activity throughout collicular circuitry. Inter- 
estingly, myelination of collicular axons begins around 
P15 (Warton & Jones, 1985). Many synaptic onnections 
are also formed and stabilized uring this period (Lund & 
Lund, 1972; Warton & McCart, 1989). Although 
oscillations seem to play an important role in the 
developing motor system (Llinas, 1988; Westerga & 
Gramsbergen, 1994), such relationships remain to be 
demonstrated in the developing visual system. In the 
kitten's visual cortex, oscillations are present but their 
frequencies are lower than those found in the adult cat 
(Ghose & Freeman, 1992). This result is similar to the 
one presented in our investigation. ..~ 
Role of oscillatory potentials in the OFF responses 
In the present study, ON and OFF evoked field 
potentials were recorded in the developing superior 
colliculus. Fast rhythmic activity of large numbers of 
neurons was observed predominantly in the OFF 
responses. Previous tudies concerning this synchronized 
activity in the visual system (Gray, Ktnig, Engel, & 
Singer, 1989; Engel, Ktnig, Gray, & Singer, 1990; 
Eckhorn, Frien, Bauer, Woelbern, & Kehr, 1993; 
Shumikhina & Molotchnikoff, 1995; Neuenschwander 
& Singer, 1996; Molotchnikoff, Shumikhina, & Moisan, 
1996) and olfactory system (Gelperin & Tank, 1990; 
Laurent & Davidowitz, 1994; Wehr & Laurent, 1996) 
have associated oscillations to sensory information 
encoding. It seems to be true in the olfactory system, 
but the hypothesis remains controversial for the visual 
system (Ghose & Freeman, 1992; Young, Tanake, & 
Yamane, 1992). Although feature dependence of oscilla- 
tions was not tested in the present study, it appears that 
they are independent of particular features of the visual 
target since we applied diffuse stimulation. In fact, 
changing the dimension of the visual target from 10 to 
30 deg did not modify the frequency of the oscillatory 
potentials. 
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